The Stratospheric Sulfur and its Role in Climate (SSiRC) interactive stratospheric aerosol model 27 intercomparison project (ISA-MIP) explores uncertainties in the processes that connect volcanic emission of 28 sulphur gas species and the radiative forcing associated with the resulting enhancement of the stratospheric 29 aerosol layer. The central aim of ISA-MIP is to constrain and improve interactive stratospheric aerosol models 30 and reduce uncertainties in the stratospheric aerosol forcing by comparing results of standardized model 31 experiments with a range of observations. In this paper we present 4 co-ordinated inter-model experiments 32 designed to investigate key processes which influence the formation and temporal development of stratospheric 33 aerosol in different time periods of the observational record. The "Background" (BG) experiment will focus on 34 microphysics and transport processes under volcanically quiescent conditions, when the stratospheric aerosol is 35 controlled by the transport of aerosols and their precursors from the troposphere to the stratosphere. The 36 "Transient Aerosol Record" (TAR) experiment will explore the role of smallto moderate-magnitude volcanic 37 eruptions, anthropogenic sulphur emissions and transport processes over the period 1998-2012 and their role in 38 the warming hiatus. Two further experiments will investigate the stratospheric sulphate aerosol evolution after 39 major volcanic eruptions. The "Historical Eruptions SO 2 Emission Assessment" (HErSEA) experiment will 40 2 focus on the uncertainty in the initial emission of recent large-magnitude volcanic eruptions, while the 41 "Pinatubo Emulation in Multiple models" (PoEMS) experiment will provide a comprehensive uncertainty 42 analysis of the radiative forcing from the 1991 Mt. Pinatubo eruption. 43
sources of stratospheric aerosols and their precursors. A combination of these effects likely explain the large 140 inter-model differences as seen in Fig. 1 among global stratospheric aerosol models who participated in the 141 Tambora intercomparison, a precursor to the "consensus volcanic forcings" aspects of the CMIP6 Model 142
Intercomparison Project on the climatic response to Volcanic forcing (VolMIP, Zanchettin et al., 2016; Marshall 143 et al., 2018) . Even for the relatively recent 1991 Mt. Pinatubo eruption, to reach the best agreement with 144 observations, interactive stratospheric models have used a wide range of SO 2 injections amounts, from as low at 145 10 Tg of SO 2 (Dhomse et al., 2014; Mills et al., 2016) to as high as 20 Tg of SO 2 (e.g. Aquila et al., 2012; 146 English et al., 2013) . 147
Volcanic eruptions are commonly taken as a real-world analogue for hypothesised geoengineering via 148 stratospheric sulphur solar radiation management (SS-SRM). Indeed many of the assumptions and uncertainties 149 related to simulated volcanic perturbations to the stratospheric aerosol are also frequently given as caveats 150 around research findings from modelling studies which seek to quantify the likely effects from SS-SRM (e.g. 151 National Research Council, 2015 ), the mechanism-steps between sulphur injection and radiative cooling being 152 common to both aspects (Robock et al., 2013) . The analysis of the ISA-MIP experiments we expect to improve 153 understanding of model sensitivities to key sources of uncertainty, to inform interpretation of coupled climate 154 model simulations and the next Intergovernmental Panel on Climate Change (IPCC) assessment. It will also 155 provide a foundation for co-operation to assess the atmospheric and climate changes when the next large-156 magnitude eruption takes place. 157
In this paper, we introduce the new model intercomparison project ISA-MIP developed within the SSiRC 158 framework. In section 2 we provide an overview of the current state of stratospheric sulphur aerosol modelling 159 and its greatest challenges. In section 3 we describe the scopes and protocols of the four model experiments 160 planned within ISA-MIP. A concluding summary is provided in Section 4. 161
Modelling stratospheric aerosol; overview and challenges 162
Before we discuss the current state of stratospheric aerosol modelling and its greatest challenges in detail, we 163 briefly describe the main features of the stratospheric sulphur cycle. We are aware of the fact that the 164 stratospheric aerosol layer also contains organics and inclusions of meteoritic dust (Ebert et al., 2016) and, after 165 volcanic events, also co-exists with volcanic ash (e.g. Pueschel et al., 1994 . However, the focus of 166 the ISA-MIP experiments described here is on comparing to measurements of the overall optical and physical 167
properties of the stratospheric aerosol layer, which is mainly determined by sulphate. 168
The stratospheric aerosol lifecycle 169
The stratospheric aerosol layer and its temporal and spatial variability are determined by the transport of aerosol 170 and aerosol precursors in the stratosphere and their modification by chemical and microphysical processes 171 (Hamill et al., 1997 ; ASAP2006; KTH2016). Volcanic eruptions can inject sulphur-bearing gases directly into 172 the stratosphere which significantly enhances the stratospheric aerosol load for years. A number of observations 173 show that stratospheric aerosol increased over the first decade of the 21 st century (e.g. Hofmann et al., 2009; 174 Vernier et al., 2011b; Ridley et al., 2014) . Although such increase was attributed to the possible cause of Asian 175 anthropogenic emission increase (Hofmann et al., 2009) , later studies have shown that small-to-moderate 176 magnitude volcanic eruptions are likely to be the major source of this recent increase (Vernier et al., 2011b; 177 Neely et al., 2013; Brühl et al., 2015) . 178 A stratospheric source besides major volcanic eruptions is the photochemical oxidation of OCS, an insoluble gas 179 mainly inert in the troposphere. Tropospheric aerosols and aerosol precursor also enter the stratosphere through 180 the tropical tropopause and through convective updrafts in the Asian and North American Monsoons (Hofmann 181 Modelling groups are encouraged to include a set of passive tracers to diagnose the atmospheric transport 287 independently from emissions mostly following the CCMI recommendations (Eyring et al., 2013) . These tracers 288 are listed in Table S3 in the supplementary material. Models diagnose aerosol parameters as specified in Tables  289   S4, S5 . Additionally, volume mixing ratios of specified precursors are diagnosed 290 3.1 Stratospheric Background Aerosol (BG) 291
Summary of experiment 292
The overall objective of the BG experiment is to better understand the processes involved in maintaining the 293 stratospheric background aerosol layer, i.e. stratospheric aerosol not resulting from direct volcanic injections 294 into the stratosphere. The simulations prescribed for this experiment are time-slice simulations for the year 2000 295 with prescribed SST including all sources of aerosols and aerosol-precursors except for explosive volcanic 296 eruptions. The result of BG will be a multi-model climatology of aerosol distribution, composition, and 297 microphysical properties in absence of volcanic eruptions. By comparing models with different aerosol 298 microphysics parameterization and simulations of background circulation with a variety of observational data 299 (Table 2) , we aim to assess how these processes impact the simulated aerosol characteristics. 300
Motivation 301
The total net sulphur mass flux from the troposphere into the stratosphere is estimated to be about 181 Gg S/yr 302 based on simulations by Sheng et al. (2015a) using the SOCOL-AER model, 1.5 times larger than reported in 303 ASAP2006 (KTH2016). This estimate, however, could be highly dependent on the specific characteristics of the 304 model used, such as strength of convective systems, scavenging efficiency, and occurrence of stratosphere-305 troposphere exchange. Therefore, the simulated distribution of stratospheric background aerosol could show, 306 especially in the lower stratosphere, a very large inter-model variability. 307 OCS is still considered the largest contributor to the aerosol loadings in the middle stratosphere. Several studies 308 have shown that the transport to the stratosphere of tropospheric aerosol and aerosol precursors constitutes an 309 important source of stratospheric aerosol (KTH2016 and references herein) although new in situ measurements 310 indicate that the cross-tropopause-SO2-flux is neglible over Mexico and central America (Rollins et al., 2017) . 311
Observations of the Asian Tropopause Aerosol Layer (ATAL, Vernier et al., 2011a) show that, particularly in 312 the UTLS, aerosol of tropospheric origin can significantly enhance the burden of aerosol in the stratosphere. 313
This tropospheric aerosol has a more complex composition than traditionally assumed for stratospheric aerosol: 314 Yu et al. (2015) , for instance, showed that carbonaceous aerosol makes up to 50% of the aerosol loadings within 315 the ATAL. The rate of stratospheric-tropospheric exchange (STE) is influenced by the seasonality of the 316 circulation and the frequency and strength of convective events in large-scale phenomena such as the Asian and 317
North American monsoon or in small-scale phenomena such as strong storms. Model simulations by Hommel et 318 al. (2015) also revealed significant QBO signatures in aerosol mixing ratio and size in the tropical middle 319 stratosphere ( Figure 3) . Hence, the model specific implementation of the QBO (nudged or internally generated) 320 could impact its effects on the stratospheric transport and, subsequently, on the stratospheric aerosol layer. 321
In this experiment, we aim to assess the inter-model variability of the background stratospheric aerosol layer, 322 and of the sulphur mass flux from the troposphere to the stratosphere and vice versa. We will exclude changes in 323 emissions and focus on the dependence of stratospheric aerosol concentrations and properties on stratospheric 324 transport and stratosphere-troposphere exchange (STE). The goal of the BG experiment aims to understand how 325 the model-specific transport characteristics (e.g. isolation of the tropical pipe, representation of the QBO and 326 strength of convective systems) and aerosol parameterizations (e.g. aerosol microphysics and scavenging 327 efficiency) affect the representation of the background aerosol. 328
Experiment setup and specifications 329
The BG experiment prescribes one mandatory (BG_QBO) and two recommended (BG_NQBO and BG_NAT) 330 simulations (see Table 3 ). BG_QBO is a time slice simulation with conditions characteristic of the year 2000 1 , 331
with the goal of understanding sources, sinks, composition, and microphysical characteristics of stratospheric 332 background aerosol under volcanically quiescent conditions. The time-slice simulation should be at least 20 year 333 long, after a spin-up period of at least 10 years to equilibrate stratospheric relevant quantities such as OCS 334 concentrations and age of air. The period seems to be sufficient to study differences in the aerosol properties but 335 need to extended if dynamical changes e.g. in NH winter variability will be analysed. Modelling groups should 336 run this simulation with varying QBO, either internally generated or nudged to the 1981-2000 period. 337
If resources allow, each model should perform the sensitivity experiments BG_NQBO and BG_NAT. The 338 specifics of these two experiments are the same as for BG_QBO, but BG_NQBO should be performed without 339 varying QBO 2 and BG_NAT without anthropogenic emissions of aerosol and aerosol precursors, as indicated in 340 Table S1 . The goals of these sensitivity experiments are to understand the effect of the QBO on the background 341 aerosol characteristics and the contribution of anthropogenic sources to the background aerosol loading in the 342 stratosphere. 343
Transient Aerosol Record (TAR) 344

Summary of experiment 345
The aim of the TAR (Transient Aerosol Record) experiment is to investigate the relative contributions of 346 volcanic and anthropogenic sources to the temporal evolution of the stratospheric aerosol layer between 1998 347 and 2012. Observations show that there is a transient increase in stratospheric aerosol loading, in particular after 348 the year 2003, with small-to moderate-magnitude volcanic eruptions contributing significantly to this increase 349 data set which provides a series of discrete 3D gridded SO 2 injections at specified times. In both versions of 378 VolcDB1, the integral SO 2 mass of each injection is consistent. 379
We recommend performing one additional non-mandatory experiment TAR_sub in order to quantify and isolate 380 the effects of 8 volcanic eruptions that either had a statistically significant effect on, for instance, tropospheric 381 temperatures (Santer et al., 2014 (Santer et al., , 2015 or emitted significant amounts of SO 2 over the 1998 to 2012 time 382 period. This experiment uses a subset of volcanic emissions (VolcDBSUB), that were derived based on the 383 average mass of SO 2 emitted using VolcDB1, VolcDB2, and VolcDB3 for the following eruptions: (Table S6 ) although these are not discernible in climate proxy (Kravitz and Robock, 2010; Santer et al., 2014; 389 2015) . 390
Summarising the number of experiments to be conducted within TAR: four are mandatory: TAR_base with no 391 volcanic emission, Tar_db1/2/3), one additional is recommended (TAR_sub) and two others are optional 392 (TAR_db4 and TAR_db1_3D; see Table 5 for an overview). 393 
Volcanic SO 2 Emission Databases
Boundary Conditions, Chemistry and Forcings 422
To reduce uncertainties associated with model differences in the reproduction of synoptic and large-scale 423 transport processes, models are strongly encouraged to perform TAR experiments with specified dynamics, 424
where meteorological parameters are nudged to a reanalysis such as the ECMWF ERA-Interim (Dee et al., 425 2011). This allows models to reasonably reproduce the QBO and planetary wave structure in the stratosphere 426 and to replicate as closely as possible the state of the BDC in the simulation period. Nudging also allows 427 comparing directly to available observations of stratospheric aerosol properties (Table 2) The main aim is to use a wide range of stratospheric aerosol observations to constrain uncertainties in the SO 2 438 emitted for each eruption (amount, injection height). Several different aerosol metrics will be intercompared to 439 assess how effectively the emitted SO 2 translates into perturbations to stratospheric aerosol properties and 440 simulated radiative forcings across interactive stratospheric aerosol CCMs with a range of different 441 complexities. Whereas the TAR simulations (see section 3.2) use specified dynamics, and are suitable for 442 chemistry transport models, for this experiment, simulations must be free-running with radiative coupling to the 443 volcanically-enhanced stratospheric aerosol, thereby ensuring the composition-radiation-dynamics interactions 444 associated with the injection are resolved. We are aware that this specification inherently excludes chemistry 445 transport models, which must impose atmospheric dynamics. However, since the aim is to apply stratospheric 446 aerosol observations in concert with the models to re-evaluate current best-estimates of the SO 2 input, and in 447 light of the first order impact the stratospheric heating has on hemispheric dispersion from these major eruptions 448 (e.g. Young, R. E. et al., 1994), we assert that this apparent exclusivity is entirely justified in this case. 449
As well as analysing and evaluating the individual model skill and identifying model consensus and 450 disagreement for these three specific eruptions, we also seek to learn more about major eruptions which 451 occurred before the era of satellite and in-situ stratospheric measurements. Our understanding of the effects 452 from these earlier eruptions relies on deriving volcanic forcings from proxies such as sulphate deposition to ice astronomical observatories (Stothers, 1996 (Stothers, , 2001 or from documentary evidence (Stothers, 2002; Stothers and 455 Rampino, 1983; Toohey et al., 2016a) . Although HErSEA has no specific experiment to understand the 456 relationship between the ice core sulphate deposition and the stratospheric aerosol layer enhancements that drive 457 the surface cooling, there is the potential for a systematic inter-model study (e.g. similar to Marshall et al., 2018) 458 to identify how uncertain historic volcanic forcings derived from ice core sulphate deposition may be. 459
Motivation 460
In the days following the June 1991 Pinatubo eruption, satellite SO 2 measurements show (e.g. Guo et al., 2004a ) 461 that the peak gas phase sulphur loading was 7 to 11.5 Tg [S] (or 14 -23 Tg SO 2 ). The chemical conversion to 462 sulphuric aerosol that occurred in the tropical reservoir over the following weeks, and the subsequent transport 463 to mid-and high-latitudes, caused a major enhancement to the stratospheric aerosol layer. The peak particle 464 sulphur loading, through this global dispersion phase, reached only around half that in the initial SO 2 emission , 465 the maximum particle sulphur loading measured as 3.7 to 6. This ISA-MIP experiment will explore these issues further, with the participating models carrying out co-478 ordinated experiments of the three most recent major eruptions, with specified common SO 2 amounts and 479 injection heights (Table 6) we have identified key observational datasets (Table 7) that will provide benchmark tests to evaluate the vertical 493 profile, covering a range of different aerosol metrics. 494
Experiment setup and specifications 495
Each modelling group will run a mini-ensemble of transient AMIP-type runs for the 3 eruptions with upper and 496 lower bound SO 2 emissions and 3 different injection height settings: two shallow (e.g. 19-21 km and 23-25 km) 497 and one deep (e.g. 19-25 km) (see Table 7 ). The seasonal cycle of the BDC affects the hemispheric dispersion 498 of the aerosol plume (e.g. Toohey et al., 2011) and the phase of the QBO is also known to be key control for 499 tropical eruptions (e.g. Trepte and Hitchman, 1992) . In order to quantify the contribution of the tracer transport, 500 a passive tracer Volc (Table S3 ) will is recommended to be additionally initialized and transported. Note since 501 the AMIP-type simulations will be transient, prescribing time-varying sea-surface temperatures, the models will 502 automatically match the surface climate state (ENSO, NAO) through each post-eruption period. Where possible, 503 models should re-initialise (if they have internally generated QBO) or use specified dynamics approaches (e.g. 504 Telford et al., 2008 ) to ensure the model dynamics is consistent with the QBO evolution through the post-505 eruption period. General circulation models should use GHG concentrations appropriate for the period and 506 models with interactive stratospheric chemistry should ensure the loading of Ozone Depleting Substances 507 (ODSs) matches that for the time period. 508 Table 8 shows the settings for the SO 2 injection for each eruption. Note that experience of running interactive 509 stratospheric aerosol simulations shows that the vertical extent of the enhanced stratospheric aerosol will be 510 different from the altitude range in which the SO 2 is injected. So, these sensitivity simulations will allow to 511 assess the behaviour of the individual models with identical settings for the SO 2 injection. 512
For these major eruptions, where the perturbation is much larger than in TAR, model diagnostics include AOD 513 and extinction at multiple wavelengths and heating rates (K/day) in the lower stratosphere to identify the 514 stratospheric warming induced by simulated volcanic enhancement, including exploring compensating effects 515 from other constituents (e.g. Kinne et al., 1992) . To allow the global variation in size distribution to be 516 intercompared, models will also provide 3D-monthly effective radius, with also cumulative number 517 concentration at several size-cuts for direct comparison to balloon measurements. Examining the co-variation of 518 the particle size distribution with variations in extinction at different wavelengths will be of particular interest in 519 relation to approaches used to interpret astronomical measurements of eruptions in the pre-in-situ era (Stothers, 520 1996 (Stothers, 520 , 2001 . A 3-member ensemble will be submitted for each different injection setting. 521 522
Pinatubo Emulation in Multiple models" (PoEMs) 523
Summary of experiment 524
The PoEMS experiment will involve each interactive stratospheric aerosol model running a perturbed parameter 525 -ensemble (PPE) of simulations through the 1991-1995 Pinatubo-perturbed period. Variation-based sensitivity 526 analysis will derive a probability distribution function (PDF) for each model's predicted Pinatubo forcing, 527 following techniques applied successfully to quantify and attribute sources of uncertainty in tropospheric aerosol 528 forcings (e.g. Carslaw et al., 2013). The approach will teach us which aspects of the radiative forcing from 529 major eruptions is most uncertain, and will enable us to identify how sensitive model predictions of key features 530 (e.g. timing and value of peak forcing and decay timescales) are to uncertainties in several model parameters. 531
By comparing the time-signatures of different underlying aerosol metrics (mid-visible AOD, effective radius, 532 particle number) between models, and crucially also against observations, may also help to reduce the natural 533 forcing uncertainty, potentially thereby making the next generation of climate models more robust. 534
Motivation 535
The sudden global cooling from major eruptions is a key signature in the historical climate record and a natural 536 global warming signature occurs after peak cooling as volcanic aerosol is slowly removed from the stratosphere. 537
Quantitative information on the uncertainty range of volcanic forcings is therefore urgently needed. The amount 538 of data collected by satellite-, ground-, and air-borne instruments in the period following the 1991 eruption of 539 Mount Pinatubo (see e.g. section 3.3.2, Table 7) realisations. There are now a large number of general circulation models (GCMs) with prognostic aerosol 544 modules, which tend to assess the stratospheric aerosol perturbation through the Pinatubo-perturbed period (see 545 Table 9 ). Although these different models achieve reasonable agreement with the observations, this consistency 546 of skill is achieved with considerable diversity in the values assumed for the initial magnitude and distribution 547 of the SO 2 injection. The SO 2 injections prescribed by different models range from 5Tg-S to 10 Tg-S, and the 548 upper edge of the injection altitude varies among models from as low as 18km to as high as 29km, as shown in 549 Table 9 . Such simulations also differ in the choice of the vertical distribution of SO 2 injection (e.g. uniform, 550
Gaussian, or triangular distributions) and the horizontal injection area (one to several grid boxes). The fact that 551 different choices of injection parameters lead to similar results in different models points to differences in the 552 models' internal treatment of aerosol evolution. Accurately capturing microphysical processes such as 553 coagulational, growth and subsequent rates of sedimentation has been shown to be important for volcanic 554 forcings (English et al., 2013) , but some studies (e.g. Mann et al., 2015) identify that these processes interplay 555 also with aerosol-radiation interactions, the associated dynamical effects changing the fate of the volcanic 556 sulphur and its removal into the troposphere. The PoEMS experiment will specifically assess this issue by 557 adjusting the rate of specific microphysical processes in each model simultaneously with perturbations to SO 2 558 emission and injection height, thereby assessing the footprint of their influence on subsequent volcanic forcing 559 in different complexity aerosol schemes and the relative contribution to uncertainty from emissions and 560 microphysics. 561
Experiment setup and specifications 562
For each model, an ensemble of simulations will be performed varying SO 2 injection parameters and a selection 563 of internal model parameters within a realistic uncertainty distribution. A maximin Latin hypercube sampling 564 strategy will be used to define parameter values to be set in each PPE member in order to obtain good coverage 565 of the parameter space. The maximin Latin hypercube is designed such that the range of every single parameter 566 is well sampled and the sampling points are well spread through the multi-dimensional uncertainty spacethis 567 is achieved by splitting the range of every parameter into N intervals and ensuring that precisely one point is in 568 each interval in all dimensions, where N is the total number of model simulations, and the minimum distance 569 between any pair of points in all dimensions is maximised. Fig. 6 shows the projection onto two dimensions of a 570
Latin hypercube built in 8 dimensions with 50 model simulations. The size of the Latin hypercube needed will 571 depend on the number of model parameters to be perturbed; the number of simulations to be performed will be 572 equal to ten times the number of parameters -seven per parameter to build the emulator and three per 573 parameter to validate the emulator. All parameters are perturbed simultaneously in the Latin hypercube. 574
In order to be inclusive of modelling groups with less computing time available, and different types of aerosol 575 schemes, we define 3 options of experimental design with different numbers of perturbed parameters and thus 576 simulation ensemble members. The 3 options involve varying all 8 (standard set), 5 (reduced set), or 3 577 (minimum set) of the list of uncertain parameters, resulting in ensembles of 80 (standard), 50 (reduced) or 30 578 (minimum) PPE members. The parameters to be varied are shown in Table 10 , and include variables related to 579 the volcanic injection, such as its magnitude, height, latitudinal extent, and composition, and to the life cycle of 580 the volcanic sulphate, such as the sedimentation rate, its microphysical evolution, and the SO 2 to SO 4 2-581 conversion rate. 582
Prior to performing the full PPE, modelling groups are encouraged to run "One-At-a-Time" (OAT) test runs 583 with each of the process parameters increased/decreased to its maximum/minimum value. Submission of these 584 OAT test runs is encouraged (following the naming convention in Table 11 ) because as well as being an 585
important check that the model parameter-scaling is being implemented as intended, the results will also enable 586 intercomparison of single-parameter effects between participating models ahead of the full ensemble. When 587 imposing the parameter-scalings, the models must only enact that change in gridboxes with volcanically-588 enhanced air masses. This can be determined either via total sulphur volume mixing ratio threshold suitable for 589 the particular model, or via the "passive tracer Volc" recommended in section 3.3.3. Restricting the perturbation 590 to the Pinatubo sulphur will leave pre-eruption conditions and tropospheric aerosol properties unchanged. 591 ensuring a clean "uncertainty pdf" for the volcanic forcing" 592
That this restriction to the parameter-scalings is operational is an important preparatory exercise and will need to 593 have been verified when running the OAT test runs. 594
Once a modelling group has performed the PPE of simulations as defined by the Latin hypercube a statistical 595 analysis will be performed. Emulators for each of a selection of key metrics will be built, following the 596 approach described by Lee et al. (2011) , to examine how the parameters lead to uncertainty in key features of 597 the Pinatubo-perturbed stratospheric aerosol. The emulator builds a statistical model between the ensemble 598 design and the key model output and once validated allows sampling of the whole parameter space to derive a 599 PDF of each key model output. 600
Variance-based sensitivity analysis will then be used to decompose the resulting probability distribution into its 601 sources providing information on the key sources of uncertainty in any model output. The two sensitivity indices 602 of interest are called the main effect and the total effect. The main effect measures the percentage of uncertainty 603 in the simulated metric due to each parameter-variation individually. The total effect measures the percentage of 604 uncertainty in the key model output due to each parameter, including the additional contribution from its 605 interaction with other uncertain parameters. The sources of model parametric uncertainty (i.e. the sensitivity 606 indices) will be identified for each model with discussion with each group to check the results. By then 607 comparing the sensitivity to the uncertain parameters across the range of participating models, we will learn 608 about how the model's differing treatment of aerosol processes, and the inherent dynamical and chemical 609 processes resolved in the host model, together determine the uncertainty in its predicted Pinatubo radiative 610 forcings. 611
The probability distribution of observable key model outputs will also be compared to observations, in order to 612 constrain the key sources of uncertainty and thereby reduce the parametric uncertainty in individual models. The 613 resulting model constraints will be compared between models providing quantification of both parametric 614 uncertainty and structural uncertainty for key variables such as AOD, effective radius and radiative flux 615 anomalies. This sensitivity analysis will also identify the variables for which better observational constraints 616 would yield the greatest reduction in model uncertainties. 617 618
Conclusions 619
The ISA-MIP experiments will improve understanding of stratospheric aerosol processes, chemistry, and 620 dynamics, and constrain climate impacts of background aerosol "variability", small volcanic eruptions, and 621 large volcanic eruptions. The experiments will also help to resolve some disagreements amongst global aerosol 622 models, for instance the difference in volcanic SO 2 forcing efficacy for Pinatubo (see section 3.3.2). The results 623 of this work will help constrain the contribution of stratospheric aerosols to the early 21st century global 624 warming hiatus period, the effects from hypothetical geoengineering schemes, and other climate processes that 625 are influenced by the stratosphere. Overall they provide an excellent opportunity to answer some of these 626 questions as part of the greater WCRP SPARC and CMIP6 efforts. For example, the CMIP6 Geoengineering 627
Model Intercomparison Project (GeoMIP, Kravitz et al., 2015) investigates common ways in which climate 628 models treat various geoengineering scenarios some of them via sulphate aerosols (e.g. Tilmes et al., 2015) . 629
However, there is a large inter model spread for the cooling efficiency of sulphate aerosol, i.e. the normalized 630 cooling rate per injected unit of sulphur (Moriyama et al., 2016) . ISA-MIP is therefore of special importance for 631
GeoMIP as it could help to understand the reason for these uncertainties, to better constrain the forcing 632 efficiency and to improve future scenarios. Furthermore it is so far not clear whether the large inter-model 633 spread of the CMIP5 models in the simulated post-volcanic climate response mostly depends on uncertainties in 634 the imposed volcanic forcing or on an insufficient representation of climate processes. To discriminate the 635 individual uncertainty factors it is useful to develop standardized experiments/model activities that 636 systematically address specific uncertainty factors. Hence ISA-MIP, which covers the uncertainties in the 637 pathway from the eruption source to the volcanic radiative forcing, will complement the CMIP6 VolMIP project 638 (Zanchettin et al., 2016) which addresses the pathway from the forcing to the climate response and the feedback, 639 by studying the uncertainties in the post-volcanic climate response to a well-defined volcanic forcing. ISA-MIP 640 also complements the chemistry climate model initiative CCMI (Eyring et al., 2013) As well as identifying areas of agreement and disagreement among the different complexities of models in top-645 level comparisons focussing on fields such as zonal-mean mid-visible AOD and extinction profiles in different 646 latitudes, ISA-MIP also intend to explore relationships between key parameters. For example, how does 647 sulphate deposition to the polar ice sheets relate to volcanic forcing in the different interactive stratospheric 648 aerosol models that predict the transport and sedimentation of the particles? Or how do model "spectral 649 extinction curves" evolve through the different volcanically-perturbed periods and how do they relate to 650 simulated effective radius compared to the theoretical approach to derive effective radius from Stothers (1997; 651 2001) . There is considerable potential to apply the model uncertainty analysis to make new statements to inform 652 our confidence of volcanic forcings derived from ice core and astronomical measurements for eruptions before 653 the in-situ measurement era. 654 655
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